Cardiovascular changes associated with indwelling catheters were evaluated in 5 1 adult beagle dogs catheterized for 4 to 9 weeks. Pathologic changes consistent with traumatic injury were in the vena cava and endocardium ofthe right atrium of 88% ofcannulated dogs. Lesions were characterized by surface denudation and diffuse intimal thickening due to myointimal hyperplasia and deposition of extracellular matrix. Affected intima was lined by hyperplastic, poorly differentiated endothelial cells and contained round to oval cells with characteristics of smooth muscle cells. After 9 weeks, thickened intima was vascularized and composed of spindle-shaped cells and fibrillar stroma. Intimal sclerosis and localized proliferative papillary projections in the vena cava cranial to areas of myointimal hyperplasia occurred infrequently. Traumatic lesions, regardless of location or severity, did not extend below the internal elastic membrane. Inflammatory cellular responses, when present, were minimal. The location, distribution, and morphogenesis of catheter-related cardiovascular lesions distinguishes them from those induced by chemical toxicity or pharmacotoxicity.
Indwelling catheters are implanted in experimental animals for continuous or frequent intermittent intravascular drug administration, intensive care purposes, and/or chronic pharmacologic studies. The intravascular portion of the catheters usually consists of Silas-tic@ medical grade tube, material considered to be biologically inert. Infectious thrombophlebitis, valvular endocarditis, and traumatic perforations of cannulated vessels have been reported in d o g~.~J~,~' It is difficult to evaluate these reports, because the studies were retrospective evaluations of necropsy cases in which different sites and methods were used in catheter implantation. Pathologic changes directly attributable to catheters in cannulated vessels and cardiac chambers have been characterized in man,16J8 but not in experimental animals. Mechanical injuries likely to occur in association with catheters (foreign bodies) placed in a turbulent area of the cardiovascular system need to be well defined for meaningful interpretation of experiments, especially product safety studies.
Materials and Methods
Fifty-one purebred beagle dogs, 7 to 12 months old, weighing 8.4-17.8 kg (males), and 7.6-12.8 kg(females), were used. Dogs were housed in 122x 91x 91-cm stainless steel cages with wood shaving bedding. Rooms were maintained at 24 k 2 C, 55 f 10% relative humidity, ~2 0 air changes per hour, and fluorescent lighting on a 12-hour light/dark cycle. Each dog was offered a daily ration of 300400 grams of Purina Certified Canine Diet # 5007 (Purina Mills, Inc., St. Louis, MO), = 10 grams of chunk Purina Certified Rodent Chow@ #5002, and deionized water ad libitum. Purina diet and water were free of significant contaminants. Procedures for the humane care and use of laboratory animals conformed to the NIH 78-23 guidelines modified and adopted by the Animal Welfare Committee of The Upjohn Company.
Catheter construction and implantation techniques were a modification of those reported for ( Fig. 1 ). Catheters were sterilized in an ethylene oxide gas autoclave or with Zephiran@ chloride, diluted 1 : 500 (Winthrop-Breon, New York, NY).
Dogs were acclimated to their environment for 11 to 27 days prior to surgery. Fasted dogs were given 0.008 mg/kg of atropine sulfate (Lilly Co., Indianapolis, IN) subcutaneously, and anesthetized with 30 mg/kg of intravenous sodium pentobarbital (Abbott Laboratories, North Chicago, IL). Standard aseptic surgical techniques were used. Incisions were made at the dorsum of the neck for catheter exit site and over the right jugular vein for catheter insertion. A subcutaneous tension loop was formed in the Silastic@ tube, and the catheter was anchored to the adjacent musculature at the barbells with 3-0 silk suture. The remaining PE-20 tube was passed through a subcutaneous tunnel, formed into a second subcutaneous tension loop, and exited at the dorsum of the neck through the subcutaneously implanted Silastica -Velcro @ buttodsleeve. Skin incisions were closed internally with 3-0 chromic gut and externally with 0 or 2-0 silk sutures. Dogs were given intramuscular injections of 3.0 ml Com-biotic@ (Pfizer, Inc., New York, NY) on the 1st day immediately after surgery, and 1.5 ml for the subsequent 5 days. Incision sites were treated with 0.2% nitrofurazone ointment (The Butler Co., Columbus, OH) daily for a week to 10 days and two to three times a week thereafter. Sutures were removed after a week to 10 days. Patency of catheters was maintained by periodic flushing with saline or saline containing 10 unitdm1 heparin (The Upjohn Co., Kalamazoo, MI). Swabs were obtained for bacteriologic examination from some swollen and discharging dorsal skin incision sites. Dogs that appeared to have infected incision sites were treated with Lincocin@ (The Upjohn Co., Kalamazoo, MI) or Clavamox @ (Beecham Laboratories, Bristol, TN) orally, followed by daily applications of 0.2% nitrofurazone ointment topically.
About a week prior to the experiment, dogs were fitted with a harness connected to a tether and a 20-gage flowthrough swivel (Alice Chatham King Medical Arts, Los Angeles, CA) mounted on the cage top. Tygon@ (Norton Co., Akron, OH) or PE-100 tubing connected each dog's catheter through the swivels to a syringe, mounted in a Razel Model A infusion pump (Razel Scientific Instruments, Inc., Stanford, CT) fitted with a 0.022 or 0.042 rpm motor. Junctions of the tubing, syringe, swivel, and catheter were cleansed with 70% alcohol during connection changes. Pump, swivel, and tether assembly are depicted ( Fig. 2 ).
Four to 5 weeks after surgery, dogs were infused with either 0.14-2.6 unitdm1 vasopressin (Pitressin@, Parke-Davis, Morris Plains, NJ) in 0.9% sodium chloride, Inj., USP (Abbott Laboratories, North Chicago, IL), 25 mglml mannitol (145 mOsmol), or 1-10 mglml of nicorandil (Chugai Pharmaceutical Co., Tokyo, Japan) in 25 mglml mannitol for 3 to 30 days. Infusion rates ranged from 0.02 to 0.06 ml/min. The pH of infusates was 5.7-6.3. Patency of catheters was established by evaluating the flow rate and/or comparing actual blood levels of nicorandil to predicted values.
Dogs were euthanatized with 0.3 ml/kg intravenous (I.V.) injection of T-6 1 @ (Taylor Pharmacal Co., Decatur, IL). The jugular vein, cranial vena cava, and right atrium were opened and examined grossly. Samples of the terminal portion of the vena cava containing cardiac tissue5 (deeper colored segment) from two noncatheterized and eight catheterized dogs were stretched and fixed in Karnovsky fixative (2.5% paraformaldehyde and 2% glutaraldehyde) and routinely processed for scanning and transmission electron microscopy. Remaining tissues were fixed in 10% buffered formalin, embedded in paraffin, sectioned at 6 pm, and stained with hematoxylin-phloxine-eosin. Selected sections of the vena cava and right atrium were also stained with Masson's trichrome and/or Van Gieson's methods.
Results
The catheters were patent in all but one dog, but flow was intermittently interrupted in three dogs. The exit sites in the neck in 12 of the 5 1 dogs were swollen and had some discharge during the first 10 days after surgery. Staphylococcus aureus was isolated from these sites despite prophylactic antibiotic treatment and topical nitrofurazone application. Treatment with oral Lincosinm or Clavamox @ apparently controlled dermal infections; at necropsy, only four dogs had indurated exit sites which microscopically were found to be pyogranulomatous inflammatory lesions associated with surgical sutures.
Indwelling catheter-related grossly detectable lesions were seen in the vena cava of 1 1 (22%) and right atrium of 12 (24%) dogs ( evident as irregular intimal surfaces or linear plaques in the vena cava close to its junction with the right atrium ( Fig. 3 ). Affected dogs showed varying intensity of right atrial endocardia1 opacity/thickening, dorsal to the intervenous tubercle ( Fig. 4) . Right atrial endocardial thickening tended to be more marked and was more frequently detected in female than in male dogs. Petechial hemorrhages, when present at either site, were usually seen along with the other lesions. Linear intimal plaque (arrows) in terminal portion end of the vena cava of a dog catheterized for 4 weeks. Opaque, thickened endocardium of right atrium (1) and focal endocardial hemorrhage (2) in a dog catheterized Based on observation at necropsy, the exact in vivo location of the tips of the catheters could not be ascertained; catheters moved up and down the jugular vein depending upon the position of the neck and the tension applied to the jugular vein and surrounding tissue. The only other possible catheter-related gross findings were a few 5-1 5-mm firm pulmonary nodules in five dogs cannulated for 9 weeks.
Forty-five (88%) dogs had vena caval and/or right atrial microscopic lesions ( Table 2 ). Distribution of these lesions is shown schematically (Fig. 5) . The most consistent and severe alterations were in the intima of the vena cava, close to the heart, and the adjoining right atrial endocardium dorsal to the intervenous tubercle. Incidence and severity of microscopic alterations in the vena cava and right atrium were comparable in both sexes. The most consistent microscopic finding at both sites was myointimal hyperplasia. Intima/endocardium was thickened by accumulation of Masson's trichrome stain ( Fig. 6) . As in noncatheterized dogs, the intima and endocardial lining cells in unaffected dogs were intimately associated with their respective subjacent tissue ( Fig. 7) . Myointimal cells in the deeper portion of the lesion, especially in those cannulated for 9 weeks, were more spindle-shaped than those seen in the superficial layer and at 4 weeks after catheterization ( Fig. 8 ). The deeper layer of thickened intima was often vascularized at 9 weeks. Intimal thickening was usually diffuse and often had a prominent center from which it tapered off in either direction. Islands of intimal thickening, isolated from the major sites, were seen quite frequently. Focal hemorrhage occurred rarely in the thickened intima ( Fig. 9 ).
The vena cava in three male dogs that had grossly detectable plaques was markedly sclerotic (Fig. 10 ). One of these dogs had granulation tissue within the thickened intima. Intimal lesions did not extend below the internal elastic lamina regardless of location or severity. Surfaces of presumably re-epithelialized areas were lined by normal or what appeared to be hyper-plastic/hypertrophic endothelial cells. The vena cava cranial to the areas of myointimal hyperplasia in several dogs showed various degrees of proliferative phlebitis characterized by intimal papillary projections supported by dense stroma (Fig. 11 ). Focal surface denudation was seen frequently. Extensive intimal necrosis with accumulation of eosinophilic material was found only in the male dog that had intimal granulation tissue. Thrombi were not seen. Inflammatory cellular infiltration into affected areas was unremarkable even in eroded surfaces. When present, inflammatory cells comprised a scant accumulation of neutrophils, eosinophils, macrophages, and lymphocytes; occasionally a few lymphocytes were found below the internal elastic lamina. A moderate focally intense accumulation of eosinophils and neutrophils was found in thickened right atrial endocardium of two dogs (Fig. 12) .
Extracardiac visceral lesions possibly related to catheterization were seen in only five dogs and these were cannulated for 9 weeks. These dogs had randomly distributed focal to multifocal acute pneumonia characterized by infiltration of neutrophils into the alveoli and interstitium and/or few foci of interstitial pneumonia. Three of these dogs also had pulmonary granulomas consistent with those induced by Filaroides hirthii. 2o Fig. 6 . Intima of the vena cava of a dog cannulated for 4 weeks, thickened by accumulation of myointimal cells with Scanning electron microscopy showed that the intima in noncatheterized dogs, and most of the intimal surface in catheterized dogs, was covered by a continuous sheet of endothelial cells with defined cell borders similar to that reported for pulmonary veins.3o At higher magnification, intimal surfaces were fuzzy because of the presence of microvilli. Intact intima in catheterized dogs, however, was lined by prominent endothelial cells with widened intercellular junctions containing broad gaps. Some areas of the intima of most catheterized dogs also showed surface configuration that had the appearance of a pavement lined by cobblestones ( Fig. 13) . Denuded surfaces tended to be localized and contained aggregates of platelets predominantly, and a few leukocytes, red blood cells, and large oval to spindle-shaped cells that were thought to be individualized endothelial cells (Fig. 14) .
Transmission electron microscopy suggested endothelial cell hypertrophy/hyperplasia. These apparently hypertrophic endothelial cells were round to oval and had abundant cytoplasm containing numerous vesicles, rough endoplasmic reticulum, and mitochon-dria. Nuclei were large, and their chromatin was marginated or in clumps of varying sizes. Junctional complexes, like those seen in normal endothelium, were seen between some of the surface cells considered to be endothelial cells ( Fig. 15 ).
Although some cells lining the intima were undifferentiated, they were identifiable as endothelial cells by their ablumenal basement membrane (Fig. 16 ). Some of these immature-looking endothelial cells contained a few surface microvilli. In some cases surface lining cells could not be identified. Accumulations of large, round to spindle-shaped cells with variable amounts of cytoplasm and deposition of abundant collagenous stroma were responsible for intimal thickening (Fig.   17 ). Intimal cells in dogs cannulated for 4 weeks or those found at the lumenal aspect of the intima in dogs cannulated for 9 weeks were round to oval and contained abundant dilated rough endoplasmic reticulum and prominent Gold apparatus, characteristic features of synthetically active cells. Generally, intimal cells located close to the internal elastic membrane had elongated nuclei and sparse cytoplasm that contained less rough endoplasmic reticulum. Individual cell cytoplasmic borders were hardly discernible, as portions of the cytoplasm were often found between fibroelastic stroma away from the cell nuclei. The identity of these myointimal cells was not established but was felt to be immature fibroblasts and/or smooth muscle cells. Myointimal cells were intimately associated with the abundant collagenous stroma that was consistently more dense in deeper zones than in the superficial layers.
Discussion
The vena caval and right atrial endocardia1 lesions of surface denudation and myointimal hyperplasia in our dogs are similar to those produced by experimental vascular injury.3,7-9,14,25,29,3'~33,34 Consistently severe lesions were found in the vena cava close to the heart and in the right atrium dorsal to the intervenous tubercle. The absence of catheter-related traumatic cardiovascular alterations in six of 51 cannulated dogs may have been related to sampling; a standard set of sections was examined in all animals unless there were grossly visible changes. Since findings were microscopic in most animals, further sections may have revealed lesions in all dogs. Although the intravascularlyl intracardially placed Silastic @ tube is considered to be biologically inert, it is not surprising to see changes associated with it considering the prevailing turbulance in the area.
Cardiovascular lesions in cannulated dogs apparently were associated with catheter tips. The distribution of lesions in vena cava and right atrium and their apparently greater severity in vena cava in larger dogs (males) and in right atrium in smaller dogs (fe-I ! I Fig. 9 . Thickened endocardium of right atrium of a dog cannulated for 9 weeks, acute intimal hemorrhage. Confinement of the lesions to the endocardium. HE. Fig. 10 . Intimal sclerosis of terminal portion of the vena cava of dog shown in Fig. 3 . Marked intimal fibrosis does not extend below internal elastic membrane. Van Giesson. Fig. 11 . Prominent papillary projections supported by fibrous stroma in proximal vena cava of a dog catheterized for 9 weeks. HE. Fig. 13 . Vena cava from a dog catheterized for 9 weeks, intact intima lined by prominent endothelial cells with wide intercellular spaces and occasional intercellular gaps (arrow). Inset: Cobblestone appearance of the intima of a catheterized dog apparently caused by hypertrophic endothelial cells. Fig. 14. Vena cava of a dog catheterized for 4 weeks, denuded intima covered primarily by platelets (P), a few red blood cells (R), and apparently individualized endothelial cells (E). males) is consistent with the hypothesis that lesions were caused by catheter tips. However, one must be cautious in asserting the exact location of catheter tips in vivo based on observation at necropsy; catheters were freely mobile within the cardiovascular system depending upon the position of the neck and traction applied to the vena cava or surrounding tissue. The presence of lesions in both atrium and vena cava in most dogs was consistent with the large latitude of motion the catheters must have had in the live animal.
Catheter-related traumatic lesions in dogs used in this study were quite remarkable. Catheters with bevelled (pointed) tips developed for rats may have accentuated the lesions. This conjecture, however, cannot be put into perspective, as we are not aware of an adequate characterization of vascular injury in experimental animals implanted with catheters having either bevelled or rounded tips. In any event, catheters with bevelled tips developed to facilitate insertion into the relatively narrow jugular vein of rats35 should not be used in the dog. The length of Silastic@ tube (1 2 cm) used appeared to be appropriate, especially in dogs weighing 7-1 2 kg. In the male, the most severe lesions in the vena cava possibly could have been minimized had the catheters been a bit longer so that the tips were located in the relatively larger lumen of the right atrium. Catheters, however, should not be too long and butt against or pass through the atrio-ventricular valves. Sterile valvular lesions induced by catheters are known to be prone to bacterial colonization.l2 There was no evidence that cardiovascular lesions in dogs in this study were related to improper placement of catheters or were related to infusion with nicorandil or vasopressin; lesions were of equal magnitude whether catheters had questionable patency or not, or whether dogs were infused with mannitol or drug. Furthermore, infusion with a compound for 3 days could not have produced the marked intimal thickening seen in this study. It has been shown in the rat that intimal thickening equivalent to that seen in these dogs does not occur in less than 14 days.14 Systemic or cardiovascular septic complications often associated with indwelling catheters in dogs, other animals, and man4JoJ3,16J9,z1 were not a significant problem in this study. None of the dogs developed vegetative valvular lesions or evidence of septicemia. Inflammatory cells in thickened intima of a few dogs were thought to be a response to traumatic injury rather than infection. It was not, however, determined whether the focal acute pneumonia seen in a few dogs that also had F. hirthii infectionz0 was related to the parasites or emboli from dermal infection sites or vena cava/endocardium. The distribution of these pulmonary lesions and their presence only in the 9-week study where F. hirthii was evident suggested that these lesions were probably related to the parasites. Serious septic thromboembolitis was averted by aseptic procedures during catheter implantation and stringent post-surgical prophylactic treatment. Oral antibiotic therapy in dogs that had dermal infections also may have helped in controlling cardiac or systemic infections. Systemic antibiotic treatment, however, should not be relied upon as a means of preventing infection, as this is ineffective in man.23 Furthermore, it may not be a feasible alternative in toxicologic studies where there may be contraindications or possible drug interactions.
The pathogenesis of cardiovascular lesions in dogs implanted with indwelling catheters is consistent with that established in vessels traumatized with balloon catheter^,^.^.^' a probe,2 air-dry injury,I4 freezing,17 suture placement or electroca~tery,~~ or Dirofilaria immitis i n f e~t i o n ,~~J~ and in spontaneous (diffuse) intimal thickening in man. 14,z4 Endothelial cell loss was apparently followed by adhesion of platelets and other cells to the exposed subendothelium. Attached platelets presumably released platelet-derived growth factorz8 which stimulated subintimal cellular proliferation and smooth muscle migration to the intima.9J9,32 Some undifferentiated myointimal cells which populated the intima may have been phenotypically "synthetic" smooth muscle cells6J4 that can produce fibroelastic extracellular ~t r~m a .~~,~~,~~ Although most cells lining the intima of cannulated dogs were identified as perhaps hyperplastic/hypertrophic or immature endothelial cells, it was not un- usual to find surface cells that could not be identified as endothelial cells or immature fibroblasts or smooth muscle cells. It has been reported that modified smooth muscle cells that may line denuded vascular e n d o t h e l i~m~~~,~ could only be differentiated from endothelial cells by their lack of stain with factor VII. R. Ag antibody.' Intimal thickening due to myointimal proliferation did not continue unabated despite likely continual irritation to the endothelium of chronically catheterized dogs. This was consistent with previous observations in the rat where lumenal smooth muscle cell proliferation was matched by cell loss and did not produce further intimal thickening despite persistent endothelial denudation for 12 or 52 Myointimal hyperplasia, the most consistent alteration in the vena cava of catheterized dogs, was similar to vascular response of traumatized arteries. 7-9J4,25,29,31,34 The similarities of arterial and venous/endocardial re-sponses were not surprising, since there are smooth muscle cells in media of major veins and in endocardium. 1, 32 The remarkable intimal sclerosis seen in the terminal portion of the vena cava of a few dogs corresponded with the segment of the vein that may be devoid of smooth muscle cell^.^^,^^ The vena caval fibrotic response in these dogs was not thought to be due to more severe trauma, since the lesions were confined to the intima in all dogs. Villous papillary projections in the segment of the vena cava close to the jugular vein were similar to changes seen in the pulmonary artery of dogs that harbor adult D. i r n r n i t i~.~~,~~ These lesions may have been produced by the physical presence of the shaft of catheters in the vessel rather than by their tips. It is unlikely that catheter tips would have moved that far cranially into the vena cava, especially in dogs where the major site of catheter tip-associated lesions was in the right atrium. Intimal injury during introduction of catheters may have initiated sufficient endothelial injury to stimulate myointimal hyperplasia. In fact, there seems to be a threshold of endothelial injury for intimal proliferation; in the rat, removal of a narrow zone of cells (three to 15 cells wide) failed to initiate myointimal proliferative response. 26 Indwelling catheter-related cardiovascular lesions need to be differentiated from drug-induced changes, and their potential to influence results of toxicologic studies should be considered also. Localization of lesions to the intima/endocardium, irrespective of severity, would differentiate them from those caused by systemic chemical toxicity or pharmacotoxicity.' Differential diagnosis becomes difficult when duration of infusion is compatible with maturity of lesions. In the present study, it would have been impossible to distinguish traumatic lesions from those induced by locally irritating preparations such as acidic infusate15 h a d all dogs been infused for more than 2 weeks. Nicorandil, at the concentration and infusion rate used in the present study, did not influence the incidence or severity of catheter-related traumatic vena caval phlebitis and right atrial endocarditis, indicating that it does n o t have a significant local irritation potential to vessels.
